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[1] This study is designed to improve the understanding of
how biologically productive, cold-core cyclonic eddies
affect sea surface pCO, in the lee of the main Hawaiian
Islands in the subtropical North Pacific Gyre. We identified
three unique relationships between pCO, and sea surface
temperature (SST). A positive correlation between pCO,
and SST was observed in the waters surrounding the eddy
suggesting surface CO, is controlled primarily by
thermodynamics. In contrast, a negative relationship was
observed within the eddy core as a result of the upwelling of
CO,-enriched subsurface waters. A third relationship
existed throughout the rest of the eddy with reduced
pCO, suggesting a combination of biological uptake,
physical upwelling and thermodynamic controls. In the
absence of an eddy, this region is a CO, sink, with the
passage of the cold-core mesoscale eddy decreasing
the magnitude of the sink by ~17%. However, if the
general temperature correlation is used to predict pCO,
inside the cold eddy, it would overestimate the CO, sink
inside the eddy by 100%. Citation: Chen, F., W.-J. Cai,
C. Benitez-Nelson, and Y. Wang (2007), Sea surface pCO,-SST
relationships across a cold-core cyclonic eddy: Implications for
understanding regional variability and air-sea gas exchange,
Geophys. Res. Lett., 34, 1.10603, doi:10.1029/2006GL028058.

1. Introduction

[2] Although a significant correlation exists between
surface water pCO, and sea surface temperature (SST) in
the open ocean, sea surface pCO,-SST relationships are
affected by a combination of factors, such as thermodynamics
(e.g. temperature effects on CO, dissociation and solubility),
physical transport (the influence of lateral and vertical mixing
of water with different concentrations of total inorganic
carbon), and biological activity. Although these processes
are all correlated both directly and indirectly with tempera-
ture, their relative effects may differ over geographical and
temporal scales. Thus several different trends in pCO,-SST
relationship coexist within the world oceans [e.g., Bates et
al., 1998; Landrum et al., 1996; Lefévre et al., 2002; Lefevre
and Taylor, 2002; Metzl et al., 1995; Olsen et al., 2004;
Takahashi et al., 1997; Takahashi et al., 1993; Takahashi et
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al., 2002; Tans et al., 1990; Wanninkhof and Feely, 1998]. As
a result, seasonal and interannual variability of oceanic CO,
uptake is difficult to assess and there are large uncertainties in
regional and global CO, budgets [Takahashi et al., 1997;
Takahashi et al., 2002; Tans et al., 1990].

[3] Large scale pCO,-SST relationships often miss
episodic and mesoscale events. Therefore, the climatological
distributions of sea surface pCO, constructed by
interpolating spatially and temporally limited oceanic CO,
observations may inaccurately represent the regional mean,
particularly within the subtropical gyres [Mahadevan et al.,
2004; Takahashi et al., 1997]. The net global flux of oceanic
CO, uptake is determined by a small difference between
large in- and out-fluxes in the world oceans. Thus, it is
sensitive to variability in these different regional estimates
[Mahadevan et al., 2004]. As a result, the global CO, air-sea
fluxes obtained may involve significant errors [Takahashi et
al., 1997]. Although such error could be ideally reduced by
greatly increasing sampling density and frequency, this
sampling strategy is difficult to implement due to limited
resources. More mechanistic or process-oriented approaches
are required to link CO, concentration to other parameters.
Since the subtropical gyres represent about 60% of the
global ocean area [Quay and Stutsman, 2003], a more
comprehensive understanding of sea surface pCO,-SST
relationship and its controlling factors within the subtropical
gyres is desired in order to more accurately estimate the
global capacity of CO, uptake.

[4] Recent studies suggested that mesoscale eddy-driven
events may be a major process for supplying new nutrients
to the upper ocean of oligotrophic subtropical gyres
[Mahadevan and Archer, 2000; McGillicuddy et al., 1998;
McGillicuddy and Robinson, 1997; Williams and Follows,
1998]. This upwelling of subsurface water likely results in
a strong initial degassing of CO, followed by a CO,
drawdown due to enhanced biological activity [Lefévre et
al., 2002]. Thus, during an eddy event, several competing
effects that influence pCO,-SST relationships will be
expected to coexist within subtropical oligotrophic waters
that are generally influenced by thermodynamic rules alone
[Lee et al., 1998]. The gas exchange of CO, across eddies,
particularly in oligotrophic waters, remains poorly under-
stood. This study examines several pCO,-SST relationships
and CO, air-sea exchange in a cold-core cyclonic eddy,
Cyclone Opal, that formed in the lee of the main Hawaiian
Islands, an oligotrophic open ocean region in the subtropical
North Pacific Gyre. This area serves as a natural laboratory
with vigorous and continuous mesoscale eddies formed
throughout the year, providing excellent opportunities for
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the study of the effects of eddies on surface water CO,
[Bidigare et al., 2003; Seki et al., 2001].

2. Methods

[s] Sea surface temperature (SST) imagery from the
NOAA Geostationary Operational Environmental Satellite
(GOES) showed that a first baroclinic cold-core cyclonic
eddy, Cyclone Opal, outcropped at the surface by the end of
February 2005 and persisted for 4 ~ 6 weeks [Benitez-
Nelson et al., 2007] (Figure la). Underway samples were
collected from Cyclone Opal by the flow-through system on
board of the R/V Wecoma during March 10th—28th, 2005,
as part of the E-Flux study (Figure 1b). Underway pCO,
measurements were conducted along all transects and at
process stations (including six IN-stations (at the center of
the eddy) and three OUT-stations (outside the eddy)) by
using a combined laminate-flow and shower-head equili-
brator coupled to an infrared CO, analyzer (Li-Cor 6252)
system [Wang and Cai, 2004]. Atmospheric CO, (in dry air)
was measured periodically throughout the cruise, and
averaged ~369.4 patm (£2 patm) after a 100% humidity
correction. Underway salinity and temperature data were
available from R/V Wecoma during the cruise. Discrete
water samples were collected with Niskin bottles for
total alkalinity (TAlk) and dissolved inorganic carbon
(DIC). TAlk was determined by Gran titration on board
ship [Cai and Wang, 1998]. Water samples for DIC analysis
were preserved with mercuric chloride and sent back to the
laboratory for measurement [Cai and Wang, 1998; Wang
and Cai, 2004].

3. Results and Discussion
3.1. pCO,-SST Relationships

[6] Two very different relationships were observed in
surface waters between underway salinity, temperature, and
pCO, (Figures 2 and 3a). Sea surface pCO, collected
outside the eddy (OUT-pCO,; blue diamonds in Figures 2
and 3a) is clearly distinguished from that collected at
process stations within the eddy-core (IN-pCO,; red trian-
gles in Figures 2 and 3a). Outside the eddy, a positive linear
relationship exists between the natural logarithms of sea
surface pCO, and SST:

InpCO, = 0.0408 * SST + 4.8288
- (n=1110,r* = 0.84,p < 0.0001,
root mean square error(RMSE) = 0.0074) (1)

[7] We categorize the data in this region as Group-I data
(Figure 3a). The RMSE in the pCO, prediction is within
3 patm. The tight correlation suggests that temperature is
a primary factor controlling sea surface pCO, outside
the eddy and the calculated slope, or temperature factor
(0ln pCO,/IT), is 0.0408. This is essentially the same for
isochemical seawater determined by Takahashi et al.
[1993] for a much larger database and temperature range
(0.0423°C™" between 2-28°C). This also suggests
that other factors (e.g., DIC, TAlk, and salinity) are
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Figure 1. Remote sensing of SST in the lee of main
Hawaiian Islands: (a) GOES SST image and (b) ship track
during the E-Flux III, March, 2005, cruise. In Figure 1a, the
cold core is marked with a red circle. In Figure 1b, the
cruise track is divided into four groups. The initial sampling
pattern consisted of several transects across the eddy.
Temperature was used to distinguish Transects _In (<24.5°C
and negative pCO,-SST, green) from Transects Out stations
(>24.5°C and positive pCO,-SST, dark pink). After the
completion of transects, IN-stations at the eddy core (as
defined by temperature minima) were conducted (red). As
the eddy was moving, the IN-stations did not match the
center of the Transects In. At the end of the cruise, the ship
left Cyclone Opal, OUT-stations were conducted well
outside the eddy flow field (blue).

generally constant at our reference sites (where most of
the OUT-pCO, was measured) [Takahashi et al., 1993;
Takahashi et al., 2002]. Please note that this dataset does
not include data collected during the transects (dark pink
color in Figure 1b, see below).
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[8] The SST is much lower, and the salinity is much
higher for the IN-pCO, relative to the OUT-pCO,
(Figure 2). Surface waters with lower temperature and
higher salinity, as well as higher pCO, at the center of
Cyclone Opal, are consistent with the eddy outcropping at
the surface. We categorize the negative relationship between
pCO, and SST as Group-II data (Figure 3a) and suggest that
it is primarily controlled by physical transport-upwelling
processes. Note, however that the relationship between
pCO, and SST within the eddy is not as straightforward
as that observed outside Cyclone Opal. We believe that this
is due to enhanced biological activity associated with the
upwelling of new nutrients into the euphotic zone. These
two processes act in opposition, where upwelling water
enriched in DIC can be a potential CO, source, and
biological uptake, which consumes DIC, may be a sink
due to the decrease of sea surface pCO,. Closer inspection
of the IN-pCO, data reveals a subset within the eddy core
characterized by intermediate pCO, values (between
344 and 350 patm) and very low SST (<24°C). Given the
high rates of biological productivity observed [Benitez-
Nelson et al., 2007], we believe that this subset reflects a
combination of upwelling and biological uptake and is
denoted as Group-IIl data (Figure 3a). Please note that
Groups II and III are not clearly separated and the dividing
line between them is somewhat arbitrary (Figure 3a).

[9] A better mechanistic understanding of how different
processes may affect sea surface pCO, can be assessed by
separating the relative roles of (1) upwelling induced mix-
ing, (2) the thermodynamic effect (warming), (3) gas
exchange, and (4) biological uptake as shown in Figure 3b.
The expected pCO, resulting from the mixing of the
original surface seawater and upwelled deep water is
355.4 £ 10.0 patm, 16.8 patm higher than that of
the original surface water (Figure 3b, also see auxiliary
material).! The mixed water mass was then warmed up from
22.94 +0.28 to 23.86 = 0.19°C. Warming causes a 14 patm
increase of pCO,. CO, uptake from the atmosphere
contributes another 2.6 £ 1.9 patm increase in sea surface
pCO,. Thus, the expected pCO, is 372 £ 10.9 patm
(Figure 3b). The sea surface pCO, values calculated from
measured DIC and TAlk (average is 351.1 £ 15.9 patm)
and measured underway (between 340 and 368 patm) at the
IN-stations are much lower. Thus, the contribution of
biological uptake to CO, drawdown is between 4—32 patm
atm and the average contribution is 21 patm (Figure 3b).
The above analysis strongly supports our hypothesis that
sea surface pCO, within the eddy is a combined result of
upwelling, warming, and biological uptake.

[10] Transect data across the eddy were subdivided by
temperature into Transects_In (<24.5°C and a negative
pCO,-SST relationship, green diamonds) and TransectsOut
(>24.5°C and a positive pCO,-SST relationship, dark pink
circles) (Figures 1b, 2, and 3a). The pCO, data collected
during the transects are consistent with our process
stations results above. Transects In links the IN-pCO,
and OUT-pCO, data and is a transition from upwelled
high salinity, cold temperature waters within the eddy
center to warmer surrounding waters outside the eddy.

'Auxiliary materials are available at ftp://ftp.agu.org/apend/gl/
2006g1028058.
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Figure 2. Relationship of sea surface pCO, to SST and
salinity. Data points with four different colors follow the
ship track from Figure 1b: ‘Transects Out,” dark pink
squares; ‘Transects In,” green diamonds; ‘OUT,” blue
diamonds; and ‘IN,’ red triangles.

[11] The negative correlation between sea surface pCO,
and SST along Transects In data is described by:

InpCO, = —0.0257 * SST + 6.4691
- (n=376,1 = 0.57,p < 0.0001, RMSE = 0.0052)

(2)

Most of the IN-pCO, data (Group-II data) from the process
study stations in the eddy center falls along the upper part of
the regression line for the Transects In data in Figure 3a.
Therefore, if these data are included in equation (2), the
calculated slope would be more negative and comparable to
the slope of —0.049°C ™" (represented by a broken line in
Figure 3a) reported in the upwelling zone of the Equatorial
Pacific Ocean [Landrum et al., 1996]. Such a negative slope
is also consistent with the observed pCO,-SST relationships
(—0.06°C™") for high-latitude surface waters due to winter
mixing with water from below [Lee et al., 1998; MetzI et al.,
1995; Takahashi et al., 1993].

[12] Note that Group-III data (the subset of IN-pCO, data
discussed above with intermediate pCO, and very low SST)
are similar to Transects In data. Group-III data would
merge into Transects In pCO, data if they are tempera-
ture-normalized (Figure 3c; see section 3.2.). Part of the
Transects In data are in the frontal zone (the confluence
area of the cold eddy-core water and the surrounding
warm oligotrophic water), where enhanced biological
uptake relative to the surrounding waters is expected.
Thus, Transects In pCO, data are consistent with our
earlier interpretation that the relatively low pCO, level in
Group-III data is caused by biological uptake.
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Figure 3. (a) Relationship between sea surface pCO, (natural logarithms) and SST, (b) sea surface pCO, of different water
masses: diagram of different processes affecting pCO,, and (c) relationship between temperature-normalized pCO, at
temperature of 24.51°C and SST. Legend in Figures 3a and 3c is the same as that in Figure 2 and its meaning is described in
Figure 1b. The pCO, data in Figures 2 and 3a are the same. The large open circle in Figure 3a represents an average pCO,
value if the general positive correlation (Group-II line) is used to predict the value inside the eddy. In Figure 3¢, dashed line

is at temperature 24.51°C.

3.2. Upwelling Versus Biological Uptake

[13] It is interesting to point out that the pCO, minimum
occurs around a temperature of 24.4—24.6°C in the frontal
zone (Figures 2 and 3a). As far as we know, such a pCO,
minimum within the frontal zone has not yet been reported
in mesoscale or sub-mesoscale eddies, except that
noted in the Sargasso Sea (i.e., surface fCO, variability of
~5-25 patm was observed across mesoscale cyclonic and
anticyclonic eddies [Bates et al., 2000]). Similar patterns of
a negative pCO,-SST relationship below a key temperature
and a positive pCO,-SST relationship above that tempera-
ture has been reported elsewhere over larger spatial scales
[e.g., Landrum et al., 1996; Takahashi et al., 1993].

Takahashi et al. [1993, 2002] observed a pCO, minimum
zone along the confluence of poleward-flowing warm
subtropical waters and cold nutrient-rich subpolar waters
and attributed it to a combination of warm water cooling
and biological uptake in subpolar waters.

[14] Here, when cold nutrient-rich water from the eddy-
core outcrops to the surface and flows away from the center
of the eddy, it contacts and mixes with the surrounding
oligotrophic waters. The cooling of this oligotrophic water
may result in the decrease of sea surface pCO, outside the
eddy. On the other hand, when the cold nutrient-rich eddy-
core water flows away from the eddy center, it also warms
and potentially results in higher pCO,. But this warming
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effect on sea surface pCO, (increase in pCO,) may be
balanced and surpassed by the biological CO, uptake at the
confluence areas (frontal zone). Thus, the seawater may
become increasingly undersaturated with respect to the
atmosphere in spite of the warming. The observed pCO,
minimum in Figure 3a is likely a consequence of the above
processes in this frontal zone, where primary production is
no longer limited by nutrient deficits.

[15] In order to assess the effects of upwelling versus
biological activity, we must first remove the temperature
effect on in situ pCO,. Sea surface pCO, data are normal-
ized to a constant temperature of 24.51°C, the lowest SST
value observed in the OUT-pCO, data and the mean
temperature of the overall data. We apply the method
developed by Takahashi et al. [2002] to calculate the
temperature-normalized pCO, values:

(pCO; at Tean) = (PCO2) s * €xp(0.0408 * (Tiean — Tobs))

3)

where T is the temperature in °C, and the subscripts ‘mean’
and ‘obs’ indicate the chosen reference temperature and the
in situ values, respectively. OUT-pCO, data are assumed
to be controlled by temperature only and are considered to be
isochemical seawater. We also used the slope (Jln pCO,/0T)
of 0.0408°C~' determined by our data rather than
0.0423°C ™" by Takahashi et al. [1993].

[16] The results are shown in Figure 3c. For pCO, data
outside the eddy (OUT-pCO, and Transects_Out pCO,), the
temperature-normalized values are nearly independent of
the temperature, as expected for a water mass that follows
thermodynamic rules [Takahashi et al., 1993]. For pCO,
data inside the eddy (IN-pCO, and Transects_In pCO,), a
negative relationship between temperature-normalized
pCO, and SST is observed when SST falls below
24.51°C. For the large scale global ocean, Takahashi et
al. [2002] attributed the temperature-normalized pCO,
drawdown via seasonal warming to biological uptake. In
our case, the low temperature is, however, an indicator of
upwelling. Thus, the temperature-normalized pCO, values
increase by ~30 patm from a nearly constant reference
value outside the eddy to the highest values at the eddy core
due to the upwelling of high pCO, deep water. Tempera-
ture-normalized pCO, values in the eddy core that are
higher than the outside waters are also supported by observed
DIC data (see auxiliary material). DIC concentrations in
surface waters at the eddy center are ~15 pmol kg™
(normalized to a constant salinity of 35, data not shown
here) higher than regional surface waters. Using a Revelle
factor of 8.5 [Takahashi et al., 1993], the observed differ-
ence in total DIC can be translated into a pCO, increase of
nearly 30 patm inside the eddy (changes in alkalinity are
small).

[17] There is a negative linear relationship between
temperature-normalized pCO, and SST for transects data
within the eddy (Transects In data) (Figure 3c)

(pCO; at Tiean) = —23.332 * SST + 915.49
- (n=376,* = 0.90, p < 0.0001,
RMSE = 1.84) (4)
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Using this equation removes the thermodynamic effect of
temperature (i.e., CO, dissociation and solubility changes)
on pCO; and links pCO, to upwelling. If we let ASST =
(SST — 24.51) and rewrite equation (4) as

(pCO; at Tyean) = —23.332 * ASST + 343.62
- (n=376,r* = 0.90,p < 0.0001,
RMSE = 1.84) (5)

then a general prediction of pCO, in eddy-influenced areas
can be developed after further adjustment to parameters
such as the slope and ASST. For example, here, a
temperature of 24.51°C is used as the boundary condition
to separate surface water inside the eddy from surrounding
warmer subtropical surface waters. This boundary tempera-
ture and the slope in equation (5) could be seasonally and
geographically different. Therefore, with further research,
equation (5) combined with equation (3), may be useful for
satellite assessments of sea surface pCO, distributions and
air-sea fluxes of CO, in the future.

3.3. Air-Sea Fluxes of CO,

[18] The average wind speed from the meteorological
data on NDBC buoy 51003 (location: 19.16°N and
160.74°W) was 6.6 m s~ in March 2005. CO, fluxes were
calculated from this wind speed (adjusted to 10 m height),
the ApCO, (difference in average pCO, between surface
water and atmosphere) and Wanninkhof’s equation
[Wanninkhof, 1992]. The overall average sea-to-air CO,
fluxes in the entire region, within the eddy core (In) and
outside the eddy (Out) are estimated to be —2.6 (+1.8),
—2.4(+1.8), and —2.9 (£1.8) mmol C m ? day ',
respectively. In all cases, estimated sea-air fluxes are
negative, and hence this area is a regional CO, sink
throughout the cruise period as reported previously [Dore
et al., 2003; Landrum et al., 1996]. Interestingly, however,
Cyclone Opal was less of a sink (i.e., a 17% reduction
inside the eddy vs. the outside area). Furthermore, if we
apply the general pCO,-SST correlation outside the eddy
(i.e., equation (1)) to the region inside the eddy, the
predicted sea surface pCO, value would be about 333 patm
atm at 24°C (the average value is indicated with a large
open circle along the Group-I line in Figure 3a). The
predicted average sea-to-air CO, flux would be about
—4.8 mmol C m 2 day ', which represents a 100%
overestimation of the real CO, uptake inside the eddy.
Therefore, although cyclonic eddies are highly productive,
their impact on the carbon cycling and sea surface CO,
exchange with the atmosphere are complex and needs to be
closely examined in light of low observed particle export
rates [Benitez-Nelson et al., 2007]. With an estimated
annual average of 9 cyclonic eddies driven by trade winds
in the lee of the main Hawaiian Islands [Lumpkin, 1998],
the influence of eddies on CO, air-sea exchange deserves
much greater attention and further research.

4. Concluding Remarks

[19] Our findings help improve the accuracy of global
climatological pCO, distributions by assessing the role of
mesoscale eddies [Robinson, 1983]. Our estimates also
suggest that although cyclonic eddies substantially enhance
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primary production, they do not necessarily enhance CO,
air-sea exchange in a subtropical ocean. We conclude that
this is mostly due to the balance of two competing
mechanisms: vertical upwelling and biological uptake.
However, if we neglect the CO, variability due to mesoscale
eddies and apply a general sea surface pCO,-SST equation
from oligotrophic waters to interpolate sea surface pCO,
inside the eddy, significant bias in the estimation of regional
CO, air-sea flux is expected. This is consistent with results
from the Sargasso Sea near Bermuda where the variability
of CO, fluxes was reduced from 30% to within 10% when
more frequent pCO, measurements were implemented
[Bates et al., 1998]. Thus we conclude that other types
of eddies in various stages of their life cycle need to be
evaluated for their pCO,-SST relationships and CO, air-sea
exchange in order to fully understand their impact on global
CO, exchange processes.
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support. This work was supported by the National Science Foundation
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